Background: The transporter associated with antigen processing (TAP), a member of the family of ABC transporters, plays a crucial role in the processing and presentation of the major histocompatibility complex (MHC) class I restricted antigens. TAP transports peptides from the cytosol into the endoplasmic reticulum, thereby selecting peptides matching in length and sequence to respective MHC class I molecules. Upon loading on MHC class I molecules, the trimeric MHC class I/␤ 2 -microglobulin/ peptide complex is then transported to the cell surface and presented to CD8 ϩ cytotoxic T cells. Abnormalities in
Introduction
The MHC class I molecules present mainly cytosolic peptides to MHC class I restricted CD8 ϩ cytotoxic T lymphocytes (CTL). Most of these peptides are generated by degradation of intracellular proteins, which is directed by both constitutive and interferon (IFN)-␥ inducible proteasomal subunits. The yielded peptides are then transported by TAP from the cytosol into the lumen of the endoplasmic reticulum (ER), where they are loaded onto a dimer consisting of MHC class I heavy chain (HC) and ␤ 2 -microglobulin (␤ 2 -m). Both steps-the assembly of these molecules and the formation of the "large TAP complex"-are stabilized by various ER-resident chaperones, such as calnexin, binding protein (BiP), calreticulin, the oxidoreductase ERp57, and the transmembrane protein tapasin (1) (2) (3) . Tapasin further retains empty MHC class I molecules in the ER and facilitates their peptide loading (4, 5) . The stable MHC class I HC/␤ 2 -m/peptide complex is then transported via the trans-golgi to the cell surface for recognition by CD8 ϩ T cells (recently reviewed in 6, 7; Fig. 1 ).
The Superfamily of ABC Transporters
TAP belongs to the superfamily of ATP-binding cassette (ABC) transporters. All ABC transporters possess two hydrophobic N-terminal domains crossing the membrane six to eight times, thereby forming a putative translocation pore and two highly conserved C-terminal cytosolic adenosine triphosphate (ATP)-binding cassettes (Fig. 2) . For their proper function, energy in the form of nucleoside triphosphates (NTP) is required. ABC transporters translocate a diverse set of substances/molecules, such as ions, sugars, polysaccharides, amino acids, and oligo-and polypeptides across cell membranes. Each transporter is specialized for the transport of a unique substrate or substrate class and plays an important role in different (patho)physiologic processes (8) .
Until now, the best characterized ABC transporters in vertebrates are the cystic fibrosis transmembrane conductance regulator (CFTR; 9,10), a chloride channel that is deficient in cystic fibrosis; the sulfonylurea receptor (SUR) 1-subunit of a potassium channel (K-ATP) in pancreatic ␤ cells,
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which is mutated in congenital hyperinsulinism (11, 12) ; the P-glycoproteins MDR1 and MDR3, which transport a series of hydrophobic drugs and phospholipids (13) (14) (15) ; and the peptide transporter TAP. TAP consists of two subunits, TAP1 and TAP2, and is the only ABC transporter with a unique function in the immune system. Regarding sequence and topology, the ABC transporters possess significant homologies that are especially pronounced for the P-glycoproteins and TAP (8, 16) .
Structure and Function of TAP Molecules
Genomic Organization of TAP The genomic structure of TAP has been well defined in different species, such as human, mouse, and rat (16) (17) (18) . The genes of the human TAP1 and TAP2 subunits, which are located in the MHC class II locus of the chromosome 6 and comprise 8-12 kilobase pairs, consist of 11 exons, each with a size of approximately 100-200 base pairs (bp). Exceptions are both exons 1, with sizes of 587 and 492 bp, respectively. TAP is evolutionary highly conserved with an approximately 35% homology between TAP1 and TAP2 in all species. Thus, the peptide transporter seems to have evolved from a common ancestor gene by duplication prior to the development of the adaptive immune system in vertebrates.
Topology of TAP Heterologous coexpression of TAP1 and TAP2 in insect cells or yeast suggest that the functional peptide transporter is a heterodimer consisting of the two subunits TAP1 and TAP2. This model is further supported by the lack of peptide translocation in TAP1-or TAP2-negative (tumor) cells and TAP1-/-mice, as well as by restoration of TAP function upon TAP gene transfer (19-23). However, despite the sequence differences, TAP subunits of different species are capable of forming a functional TAP heterodimer (24,25).
Using a number of different experimental approaches, the localization as well as the topology of TAP have been determined. Immune electron microscopy and confocal laser scanning microscopy have demonstrated an intracellular distribution of both TAP subunits in the ER ( Fig. 3 ; 26,27), which is consistent with the localization, where MHC class I molecules are loaded with peptides (28).
Hydrophobicity analysis and sequence alignments of TAP proteins with other ABC transporters revealed that both TAP molecules span the ER membrane 6-10 times, containing a highly hydrophobic N-terminal domain linked to the cytosolic nucleotide binding domains (NBT) including the conserved Walker A and Walker B motifs for NTP-binding and hydrolysis (29,30).
Hypothetical TAP Models Using photocross-linking experiments with peptides, potential peptidebinding domains in both TAP subunits have been identified. Such analyses revealed similar binding regions for TAP1 and TAP2 composed of the cytosolic loops between the transmembrane (TM) regions-4 and TM-5 and a carboxy-terminal stretch of about 15 amino acids following TM-6. This topology model suggested that these regions are exposed to the cytosol (31).
Recently, Voss et al. (32) developed another topology model for TAP employing a series of Cterminal deletions for TAP1 and TAP2 subunits. As shown in Figure 4a , TAP1 and TAP2 consist of 8 and 7 transmembrane domains, respectively. Thus, the N-and C-terminal domain of TAP1 as well as the Cterminal domain of TAP2 is located in the cytosol, whereas the N-terminus of TAP2 is located in the ER. The pore-forming domains of the TAP subunits are aligned in a head-head/tail-tail orientation (33; Fig. 4b ), which is followed by a cytosolic potential are controversially discussed and require further investigations.
Peptide Selectivity of TAP During the last decade, the substrate specificity of TAP has been well studied by a number of groups employing a peptide translocation assay that traps transported peptides in the ER via glycosylation (35). Information is available about the length and sequence preferences of the transported peptides (36-39). Peptides with a length of 8-16 aa are preferentially transported by TAP, although longer peptides (Ͼ40 aa) are also transported, but with a lower efficiency (40) . In contrast to the peptide transporter assay, the use of peptide-binding domain and subsequently by the C-terminal domain containing the NTP-binding sites. Deletions of 20 or fewer amino acids (aa) in the potential peptide-binding domain of the TAP1 subunit defined regions between amino acids 366-405 that are essential for proper peptide transporter function, whereas deletions of other regions (aa 345-365 and aa 465-487) did not influence TAP activity (34). Although many different approaches have been employed to characterize the structure, organization, and functional domains in TAP, the topology of TAP, the domains responsible for peptide binding and for peptide transport, as well as the interaction between the TAP1 and TAP2 subunits peptide-binding assays allows a more accurate analysis of substrate specificity. The contribution of each peptide residue to the affinity for TAP was determined by screening combinatorial peptide libraries and determined the influence of a single peptide residue independent of a given sequence context on the affinity of TAP (41) . These experiments suggest that the carboxy-terminal aa and the first three amino-terminal residues play a key role in peptide selectivity of TAP. Murine TAP alleles selectively transport peptides with a hydrophobic C-terminus, whereas human TAP complexes transport both peptides with a hydrophobic C-terminus and peptides with a basic C-terminus (37, 39, 42, 43) . The selectivity of TAP is important because it mostly transports peptides matching to MHC class I molecules.
Mechanism of Peptide Transport
Peptide transport by TAP is a multistep process (44) . First, peptides associate with TAP in an ATP-independent manner (45, 46) . This step determines the peptide selectivity and is followed by a slow isomerization of the TAP complex. The structural reorganization of the molecule triggers peptide translocation across the membrane, which is ATP dependent (47) .
Peptides with a low affinity to MHC class I molecules are transported into the ER, but are not rapidly loaded onto MHC class I molecules (48) . Thus, they are available for export out of the ER into the cytosol via the Sec61 channel (49) .
Biochemical Modifications of TAP TAP1 and TAP2 are mainly nonglycosylated, although three putative glycosylation sites, two facing the cytosol and one placed in the ER, have been identified (26). Recently, it has been demonstrated that the TAP subunits are phosphorylated under physiologic conditions. They form a high molecular complex with tapasin, MHC class I heavy chain, and a putative phosphatase, which dephosphorylates the complex. This dephosphorylation process is essential for proper TAP function, because phosphorylated TAP is not capable of transporting peptides into the ER, suggesting that an altered phosphorylation status of TAP may represent an immune escape mechanism (50).
Modulation of TAP Expression
Promoters of the TAP Genes The potential promoters of both TAP genes contain no TATA motifs in the 5' flanking sequence, but putative GC-rich elements containing SP1-binding sites either 128 or 70 nucleotides upstream of the translation start codon for TAP1 and TAP2, respectively (51) . These are at least essential for proper activity of the TAP1 promoter (52) . The human TAP1 promoter is a bidirectional promoter consisting of 593 bp, which also coordinately regulates the low-molecular-weight protein (LMP)2. It contains an IFN-␥ and a p53 response element, as well as a NF-B-binding site (53, 54) . The latter is important for the tumor necrosis factor (TNF)-␣-mediated induction of TAP1 and LMP2 transcription (52) . In contrast to the TAP1 promoter, the human TAP2 promoter still has to be characterized in detail.
Regulation of TAP Expression by Cytokines
With a few exceptions, most cell types constitutively express MHC class I surface molecules. However, the MHC class I expression can be strongly enhanced by various cytokines, such as IFN-␣, IFN-, TNF-␣ or granulocyte-macrophage colony stimulating factor (GM-CSF). Analogous to MHC class I molecules, TAP1 and TAP2 subunits are upregulated by IFNs and TNF-␣, but with distinct time kinetics and to a different extent (55) (56) (57) . TAP1 and TAP2 transcription is rapidly upregulated after IFN-␥ treatment consecutively increasing over 48 hours to 10-to 20-fold, whereas the IFN-␥-mediated induction of the human leukocyte antigen (HLA) class I heavy chain transcription occurs more slowly and later, increasing only 10-fold in 48 hours. Although most cytokines enhance TAP expression, interleukin (IL)-10 causes a downregulation of both transcription and translation of the peptide transporter, thereby abrogating its function (58, 59) . The IL-10-mediated downregulation of TAP leads to reduced cell surface expression of MHC class I antigens (59) . The inhibitory effect of IL-10 may have in vivo relevance, because various tumors secrete IL-10. Results with murine IL-10 transduced cells suggest that IL-10 production decreases TAP function, which is accompanied by low levels of MHC class I surface expression and reduced CTLspecific lysis, but enhances sensitivity to natural killer cell-mediated cytotoxicity (58) .
TAP Polymorphism, Functional Significance, and Association With Autoimmune Disease
Several alleles of human TAP1 and TAP2 have been identified in different populations, but their influence on TAP activity and/or peptide-binding specificity varies (60, 61) . A functional polymorphism was found for a human TAP2 splice variant (TAP2iso) that consists of an altered C-terminus. When compared to the wild-type TAP1/TAP2, the TAP1-TAP2iso heterodimer exhibited a distinct peptide selectivity, transporting peptides with hydrophobic C-terminal residues 30 times more efficiently (62), thereby creating a new pattern of presented peptides/antigens. To the best of our knowledge, other functional TAP polymorphisms have only been detected in the rat (38,63).
Susceptibility to transplant rejection and autoimmune diseases such as type I diabetes and rheumatoid arthritis are associated with HLA defects and polymorphisms (64, 65) . Whether there exists an association between these diseases and TAP polymorphism is controversial (66) . Höhler et al. (67) described an association between TAP1 (but not TAP2) polymorphism and rheumatoid arthritis; other au-process that requires the presentation of viral peptide fragments in the context of MHC class I molecules on the cell surface. Persistent viruses, such as herpes simplex virus (HSV), human cytomegalovirus (HCMV), adenoviruses (Ad), and human papilloma virus (HPV) have been forced to develop a series of strategies to evade immune defense by interfering with various steps of the antigen processing and representation pathway. Some directly affect TAP expression and/or function, resulting in defects in MHC class I cell surface expression and immune responses (88; summarized in Fig. 5) .
The immediate early protein ICP47 encoded by the HSV type 1 (HSV-1) is responsible for the downregulation of MHC class I surface expression in human fibroblasts, which is accompanied by a lack of CTL response. ICP47 binds with high affinity to the peptide-binding site of TAP, thereby destabilizing TAP and inhibiting the TAP-mediated peptide transport into the ER (89-91). The interaction of human ICP47 and the TAP complex is species specific because ICP47 has a 100-fold higher affinity for human than for murine TAP (92) . The identification of the critical amino acids of ICP47 responsible for inhibition of TAP function represents the basis for the development of therapeutic drugs. These may be applicable in novel vaccination strategies against HSV owing to restoration of CTL-mediated recognition of virus-infected cells.
The HCMV encodes the ER-resident glycoprotein gpUS6 that inhibits the TAP-mediated peptide transport due to its binding to the ER luminal part of the TAP complex (93) (94) (95) . This results in a conformational change of TAP. Moreover, HCMV inhibits dephosphorylation of TAP, which results in lack of peptide transport and impaired MHC class I surface expression (50) . Furthermore, another member of the herpes virus family, the pseudorabies virus (PRV), interferes and inhibits the porcine pepthors failed to detect any correlation (68) (69) (70) . Similar discrepancies between association of type I diabetes, multiple sclerosis, and Grave's disease and rejection of renal transplants with TAP polymorphism have been found by various groups (71) (72) (73) (74) (75) (76) (77) . However, the deficiencies of HLA class I presentation in lymphoid cells from individuals with type I diabetes was corrected by TAP transfection (78) .
Human Diseases Associated With Dysfunction of TAP: Clinical Relevance?
Any effect that impairs the TAP-mediated peptide translocation into the ER results in reduced MHC class I surface expression. Thus, cells with a defective MHC class I antigen processing and presentation pathway can be identified by measuring the MHC class I surface expression, which can be either downregulated or totally lost. The molecular defects underlying the abnormalities of MHC class I and TAP expression in human diseases as well as the role of TAP deficiencies for immune response have only been addressed to a limited extent. However, this information is important; it might contribute both to our understanding of the basis of immune escape mechanisms in diseases as well as to the design or optimization of the treatment of patients with TAP defects.
Genetic Diseases Bare lymphocyte syndrome (BLS)
is characterized by a severe downregulation of MHC class I or class II antigens. BLS is divided into two subtypes. In type I BLS, the defect is confined to the MHC class I molecules, whereas in type II BLS, MHC class II cell surface expression is downregulated (79) . Only a small number of patients with type I BLS have been identified worldwide, which could be differentiated into three disease subsets depending on their clinical and immunologic appearance. For example, one group of BLS patients (10 patients from 7 families) exhibits defective TAP expression and has similar clinical manifestations, including bacterial and viral infections (sinusitis, chronic bronchitis) and necrotizing granulomatous skin lesions (80) . In these BLS patients, structural alterations have been found in both TAP1 and TAP2 subunits (81) (82) (83) (84) . The mutations lead to the generation of a premature stop codon resulting in nonfunctional TAP proteins (81, 85) . Interestingly, mutations in the TAP2 subunit result in a more severe disease than mutations in the TAP1 subunit (80) .
The lymphocyte repertoire of peripheral blood displayed low numbers of CD8 ϩ ␣␤ T cells, but an expansion of NK and ␥␦ T cells in most BLS patients (86) . The NK and ␥␦ T cells may be involved both in the pathogenesis of granulomatous skin lesions and in antiviral immune responses that do not require TAP-dependent antigen processing (80, 83) .
Viral Infections and Viral Persistence: Transcriptional and Posttranscriptional Regulation CD8
ϩ CTL efficiently recognize and eliminate virus-infected cells (87), a tide transporter function resulting in MHC class I deficiencies (96) .
Not only the herpes viruses but also human Ad have been shown to affect TAP function (97, 98) . This could be either due to transcriptional downregulation of TAP expression or binding of the adenoviral protein E3gp19K to TAP, thereby inhibiting complex formation with tapasin, further preventing MHC class I/TAP association (98) . In contrast to human Ad virus, infection of mouse cells with murine Ad virus does not influence MHC class I surface expression (99) .
It has been known for a long time that cervical cancer and respiratory papillomatosis are diseases of viral origin caused by the infection of different types of HPV. MHC class I surface expression was variably downregulated in both diseases, which was associated with decreased TAP1 expression (100,101). In addition, the level of TAP1 and MHC class I antigen expression correlated inversely with disease recurrence (100,102). The E7 early proteins of HPV types 6 and 18, essential for the maintenance of respiratory papillomas (RRP) and cervical cancer, respectively, repress the bidirectional LMP2/TAP1 promoter, which could be responsible for low MHC class I surface expression in these diseases (103) . These findings suggest that viruses may evade T-cell recognition and killing of infected cells by decreasing MHC class I surface expression through modulation of TAP. However, it is speculated that additional viruses that influence the antigen-processing pathway, including the peptide transporter activity, will be identified.
Impaired TAP Expression and Function Tumors of Distinct Histology: Sequence Alterations and Dysregulation
Analysis of both surgically removed lesions and cell lines derived from tumors of distinct histology has provided evidence that neoplastic transformation is frequently associated with impaired TAP expression (23,104). However, most investigations have been restricted to the analysis of TAP1 expression because of the limited availability of anti-TAP2 antibodies. In comparison to autologous normal tissues, TAP1 downregulation or loss was found in all tumor types analyzed with a frequency ranging from 10-84% (23). Similar results were obtained by analysis of tumor cell lines ( Table 1 ). The clinical impact of TAP deficiencies by malignant cells varies among tumors. The frequency of TAP1 downregulation was more pronounced in metastatic than in primary lesions in breast, cervical, colon, small cell lung carcinomas (SCLC), and melanomas, whereas deficient TAP expression of renal cell carcinomas (RCC) is not correlated with tumor grading and staging (104) (105) (106) (107) (108) . In melanoma, impaired TAP expression is also associated with poor prognosis and reduced survival rate (107) . Heterogeneity in terms of quantity and quality of TAP downregulation among various types of tumors (lesions/cell lines) has been detected, which might reflect differences in the patient populations selected for analysis, immunobiology of the tumor types, the proliferative status of the tumor cells, and the sensitivity of the techniques employed (109) .
Although impaired TAP expression is frequently found in tumors of distinct origin, the underlying molecular mechanisms of these TAP deficiencies have not yet been defined. Consequently, until recently, tumor lesions/cell lines have not been monitored for TAP mutations. In one lung cell carcinoma cell line, a new TAP1 allele has been identified that results in expression of a nonfunctional TAP protein (110) . In addition, a bp deletion in the TAP1 subunit of a melanoma cell line also results in TAP dysfunction ϩ CTL has only been investigated in a few cases utilizing tumor cell lines, surrogate antigens, and HLA class I-restricted antigen-specific CTL (112) . A correlation between the degree of TAP downregulation, impaired MHC class I surface expression, and the recognition of tumor cells by tumor antigen-specific MHC class I-restricted cells has been found (23,113). These results further suggest a negative impact of deficient TAP expression on the outcome of T-cell-based immunotherapy, although CD8
ϩ CTL that specifically recognize TAP-negative cells have been identified (114) .
Conclusions and Unanswered Questions
The heterodimeric peptide transporter complex TAP plays a key role in proper antigen processing and presentation. The knowledge of its detailed molecular structure and function will contribute to our understanding of the physiologic and pathophysiologic processes in which the TAP complex is involved. However, there exist still many open questions regarding the general mechanisms of T cell immunity. The peptide binding to MHC class I molecules in the ER appears to represent one important process for T-cell-mediated immune responses.
Elucidation of the distinct steps of the antigen processing pathway is essential for the determination of its role in various malignancies, such as autoimmune diseases, cancer, and viral infections. Characterization of the expression pattern and the underlying molecular mechanisms of APM deficiencies including TAP will help to clarify the host/ tumor interaction and the significance of TAP dysfunction in this process. In addition, it will lead to the design and/or optimization of vaccination strategies concerning viral infections and tumors as well 
